An integrated approach to the fabrication of thin-film piezoelectric traveling wave ultrasonic motors at the mm-scale is being developed for low power, high torque motors for small scale robotics, biomedical, and sensing applications. This paper describes the realization of ultrasonic motor stators ranging in diameter from 1 to 3 mm using wafer scale MEMS fabrication techniques with lead zirconate titanate (PZT) thin films. Using laser Doppler vibrometry (LDV), controlled traveling waves were demonstrated in the bulk silicon elastic medium of the stator and the standing wave behavior was characterized for control purposes. Furthermore, the resonant modes of the fabricated stators were modeled using finite element models, and experimental results agree well with this analysis.
Introduction
Ultrasonic motors (USMs) represent an important class of actuator widely used in applications including camera autofocus lenses, robotics, medical actuators, and various aerospace systems. Rotary USMs have many advantages over electrostatic or electromagnetic motors in that they can provide controllable low-speed high torque output, zero power off state with high holding torque, high efficiency, and small size [1] . Rotary USMs can be created using either standing waves or traveling waves. Standing wave USMs use vertical vibration of an inclined beam to push the rotor. This is illustrated in Fig. 1 .Traveling wave USMs, first reported by Sashida [2] , use the horizontal motion of the surface of the stator to move the rotor, illustrated in Fig. 2 . Traveling wave USMs are desirable over standing wave USMs due to bidirectional actuation capabilities. A controlled traveling wave, which can be driven either clockwise or counter clockwise, allows the motor to operate in both directions as opposed to standing wave rotary USMs reported in [3] .
While a number of commercial traveling wave USMs have been demonstrated at the centimeter and larger scale, effective USMs at the mm-scale and below have proven elusive [4] . Previous efforts in this area have involved the assembly of bulk-fabricated piezoelectric components, with insufficient precision to maintain and control the desired traveling waves. Flynn et al. demonstrated an assembled USM using bulk ceramic lead zirconate titanate (PZT) as the actuator with an 8 mm diameter [5] , and thin-film USMs as small as 5 mm [6] . However, the thin film devices were unable to provide bi-directional motion control, presumably due to misalignments that prevented the formation of a well-defined traveling wave within the device. Recently, a surface micromachined USM, driven by a bonded bulk piezoelectric, has been reported by Kaajakari et al. [7] . This device demonstrated clockwise and counterclockwise rotation while also allowing for easy integration of surface micromachined components, however key benefits associated with traditional ultrasonic motors, including no gearing and high holding torque, cannot be realized with this actuation scheme.
In the present work, we are exploiting high quality thin film PZT materials to enable wafer-level batch fabrication with photolithographic patterning to improve manufacturing precision, reduce cost, and enhance capabilities for system-level integration. Using wafer scale MEMS fabrication techniques with thin film PZT on silicon-on-insulator (SOI) processing, ultrasonic motor stators ranging in diameter from 1 to 3 mm have been successfully fabricated, with dynamic characterization of the resulting stators matching well with modeled device performance.
Design
A conceptual schematic of a microfabricated USM is depicted in Fig. 3 . The integrated device comprises a bulk silicon stator with thin film PZT to excite the desired traveling wave within the structure, and a rotor layer aligned and bonded to the stator wafer. The rotor shown in this figure includes a thin film slip ring which serves to provide a defined preload force between the rotor and stator while also allowing signal transfer between the rotating platform and the fixed base layer. Here we focus on the development of the critical stator element which serves to define the key dynamics of the overall motor. The motor design leverages an integrated fabrication process using a combination of surface and bulk micromachining. In the design shown in Fig. 3 , the bulk silicon stator is fixed at the center and excited using the thin film PZT. The stator contains a series of comb teeth located at the points of peak radial amplitude which serve to mechanically amplify the surface motion of the stator.
Because the demonstrated fabrication process takes advantage of photolithographic patterning and alignment for all of the stator components, it does not suffer from the constraints inherent to macro-scale assembly that have traditionally limited the minimum ultrasonic motor dimensions. To demonstrate the operating principle, stators were fabricated using the process shown in Fig. 4 . The process starts with an SOI wafer with a device layer ranging from 20 to 40 m thick and a buried oxide thickness of 1 m, shown in Fig. 4 (a). The actuator stack is deposited next, consisting of a 500 nm plasma enhanced chemical vapor deposited silicon dioxide thin film, a sputtered titanium thin film annealed to form 33 nm TiO 2 , a 100 nm sputtered platinum film, chemical solution deposited PZT with a Zr/Ti ratio of 52/48 and a thickness of 1000 nm, and another 100 nm layer of sputtered platinum as shown in Fig. 4(b) . The top platinum, PZT, and bottom platinum are then patterned using argon ion-milling. To access the bottom Pt, a hole is patterned by ionmilling followed by a wet etch of the residual PZT using H 2 O:HCl:HF (2:1:0.05). The result of this processing is shown in Fig. 4(c) . A bilayer of Cr/Au (20/730 nm) for electrode contact is then deposited by electron beam evaporation and patterned using a lift-off process. A sacrificial layer of photoresist is deposited and patterned to define the location of gold air bridges. A 2 m thick gold air bridge layer is then deposited via electron beam evaporation and patterned using lift-off, and is shown in Fig. 4 (d) . The air bridges allow one wirebond to address the three separate drive electrodes of the PZT actuators (see Fig. 5 ). A 150 nm conformal coating of Al 2 O 3 is deposited using atomic layer deposition to protect the top oxide and PZT during release. Once complete, the Al 2 O 3 is then etched using ion milling and a deep reactive ion etch (DRIE) of the device silicon layer is used to define the stator device as shown in Fig. 4(e) . Through holes are then etched into the back of the wafer using DRIE to expose the buried oxide as depicted in Fig. 4(f) . Additionally, the backside DRIE provides separation of individual die. The individual die are then packaged and wirebonded (Fig. 4(g) ). Finally, the entire package is placed into a vapor HF etch to remove the buried oxide and free the stators, shown in Fig. 4(h). Fig. 6 shows the details of a non-packaged stator.
Modeling
Traveling wave motors operate through a set of complex electromechanical phenomena, requiring an effective model to guide the design process. In order to predict the response of the ultrasonic motor stators, ANSYS Finite Element Analysis (FEA) modal analysis was performed. An ANSYS script file was written to parameterize the model creation and aid in the design of the stators. The geometry for all cases shown was constrained in all DOF in the center with an anchor and the disk was free in all other boundaries. Data from modal analysis on three silicon-only disks, sized 1 mm with a 200 m anchor, 2 mm with a 500 m anchor, and 3 mm with a 500 m diameter anchor is shown in Fig. 7(a)-(c) . Modes extracted were the B 02 -B 09 modes and B 11 -B 15 modes, while all B 2x were ignored. The first subscript refers to the number of nodal circles, while the second subscript refers to the number of nodal diameters. Amplitudes of motion in this analysis are normalized over the mass matrix so only mode shapes were extracted, not the maximum amplitudes.
Based on the ANSYS analysis, 20 m and 30 m thick SOI device layers were chosen for initial stator fabrication to ensure successful device characterization over a reasonable range of stator geometries using a Polytec laser Doppler vibrometer (LDV) with an upper frequency limitation of 2 MHz for single point measuring, 1 MHz for scanning and 500 kHz for signal generation. For instance, the predicted response for the 1 mm devices was greater than the limits on the available LDV for modes above the B 04 and B 11 modes. In addition, the estimated modes excluded contributions from the PZT, Pt, and silicon dioxide layers. These combined layers are on the order of 1-3 m and have a relatively large effect at thinner SOI layers (i.e. ∼10% of the stator thickness for 20 m SOI). Harmonic analysis will be modeled with full PZT forcing and damping to predict maximum stator amplitude as the design matures.
The relative scaling between modal frequency and stator diameter can be estimated by Eq. (1),
where f a is a resonance frequency (associated with a specific mode) of a stator of diameter D a and f b is the resonance frequency of frequency versus diameter is found to be within 2% of the model, as shown in Fig. 8 . This error is primarily from stiffening as the anchor becomes larger relative to the disc. Eq. (1) can also be used to quickly predict the frequencies of sub mm-scale stators as well. For instance, the model predicts a 500 m diameter stator 20 m thick would operate at 7.2 MHz.
From the FEA analysis and fundamental USM operation, the primary modes of interest were the B 03 , B 04 , B 13 and B 14 modes consisting of 0 and 1 nodal circle and 3 and 4 nodal diameters, respectively. Fig. 9(a) and (b) shows FEA simulations of two of these mode shapes. These modes are desirable as they ensure rotor stability by maintaining at least three contact points of the stator to rotor, maximize vertical displacement compared to higher order modes, and minimize the required number of actuation regions. While various vibration modes are under consideration for future USM motors, the B 13 mode, consisting of 1 nodal circle and 3 nodal diameters, is being explored first. For this case the stator is patterned with 12 conductive regions grouped into four sets of 3 alternating electrodes.
Characterization
A controlled traveling wave was induced in the fabricated stators using two out of phase input waveforms. Fig. 10 illustrates the traveling wave using phase-stepped LDV data. This representation illustrates the deformation of the stator over a single cycle of the input signal, equivalent to 4 s, resulting in the wave progressing approximately 120 • around the disk.
The traveling waves were generated by exciting standing waves in phase and apart in space according to the identity cos(nÂ) cos(ωt) + sin(nÂ) cos(ωt) = cos(nÂ − ωt)
To characterize the standing waves, sinusoid input waveforms were applied at the predicted resonance frequency to excite the resonance mode shapes within the stators. LDV was then used to determine the shape of the mode present. The experimentally measured resonance mode shapes for the B 04 and B 13 modes, shown in Fig. 11(a) and (b) , matches the mode shapes determined by FEA in Fig. 9(a) and (b) .
Experimental determination of the resonance frequencies was determined by inputting 0-5 V white noise signal, using a waveform generator, and measuring the response using a Polytec LDV. A Fourier transform was performed on this data to determine the frequencies of greatest amplitude. These frequencies were then isolated and examined to determine the mode shape present at each resonance frequency. Fig. 12 shows the z-axis frequency response of a single point, near 800 m from the center of a 3 mm diameter disk up to 1 MHz, suggesting a number of resonances. The plot was created using a white noise input, however with a sinusoid input at the B 13 resonance frequency, no other significant peaks were observed.
The desired B 13 mode was further characterized for the effects of frequency and voltage on the deflection of the surface. To accomplish this, sinusoids of single frequencies were input to a single electrode on the stator and the maximum displacement was determined by LDV by scanning across the entire disk and determining the largest deflection. The results of this characterization are shown in Fig. 13 for a 3 mm disk. From this plot it is clear that frequency and voltage both significantly affect the response. Here electrode A and B represent adjacent electrodes on the same device.
Beyond the simple qualitative conclusion that voltage and frequency affect amplitude, one can note specifics about the system. First, it is an easy extrapolation to approximate the mechanical Q-factor as below where f p is the peak frequency and f is the bandwidth, defined as the difference between the upper and lower frequency where the response reaches half of the maximum amplitude. Performing these calculations for each of the electrodes and voltages gives the mechanical Q-factors as recorded in Table 1 . From this we can see that for the 3 mm diameter stator all conditions display a Q-factor near 50. For Q-factors larger than 10, the damping coefficient, , can be approximated as 1/2Q. Under this approximation, the evidence suggests that damping in the stator system is not related to displacement magnitude. It can be determined from this that squeeze film damping, which is highly related to vibration amplitude, is not active in the analyzed stator system. Another point that can be made from the data is that the relationship between voltage and maximum displacement is cubic in nature. The points tested and the equations for the two electrodes tested are shown in Fig. 14 . The nonlinearity is quite strong, accounting for over 60% of the calculated displacement at just 5 V actuation. In evaluating the equations in Fig. 14 , it is assumed that the displacement relationships should be point symmetric about this origin, thus only allowing odd functions.
This sort of nonlinearity, specifically a softening cubic nonlinearity, has been observed by others, such as Sattel [8] . The nonlinear catastrophic jump phenomenon described by Sattel [8] was not observed however. This could be due to the relatively small amplitudes of displacement, however definitively proving this would require further investigation. Table 1 Calculated Q-factor for various conditions. 
Conclusions
Both standing wave and traveling wave actuation of the bulk silicon elastic medium of microfabricated stator for use in a USM have been successful achieved using thin film PZT. The resonant modes of the fabricated stators have been modeled with FEA, with experimental results agreeing well with these simulations. Traveling waves have been demonstrated in 2 mm diameter stators (719 kHz) and 3 mm diameter stators (252 kHz), and lower order vibration modes (up to 1 MHz equipment limit) were visualized using LDV. From the results found using 2 mm and 3 mm diameter motors, scaling these motors to sub-millimeter dimensions and MHz frequencies appears very promising. The predicted performance metrics for a complete microfabricated USM using the experimental results from the stator open the door to new opportunities for integrating miniature rotary actuation into a wide range of commercial and military applications.
